ABSTRACT: We report how the presence of electronbeam-induced sulfur vacancies affects first-order Raman modes and correlate the effects with the evolution of the in situ transmission-electron microscopy two-terminal conductivity of monolayer MoS 2 under electron irradiation. We observe a red-shift in the E′ Raman peak and a less pronounced blue-shift in the A′ 1 peak with increasing electron dose. Using energy-dispersive X-ray spectroscopy and selected-area electron diffraction, we show that irradiation causes partial removal of sulfur and correlate the dependence of the Raman peak shifts with S vacancy density (a few %). This allows us to quantitatively correlate the frequency shifts with vacancy concentration, as rationalized by first-principles density functional theory calculations. In situ device current measurements show an exponential decrease in channel current upon irradiation. Our analysis demonstrates that the observed frequency shifts are intrinsic properties of the defective systems and that Raman spectroscopy can be used as a quantitative diagnostic tool to characterize MoS 2 -based transport channels.
T he study of two-dimensional transition-metal dichalcogenide films has attracted much attention recently due to their interesting electrical and optical properties, 1, 2 including semiconducting behavior with a band gap that evolves from indirect in the bulk and few layers to direct in a single layer. 3, 4 In particular, MoS 2 has been identified as a promising material due to large current on/off ratios in field-effect transistors (FETs), 5 strong photoluminescence, 6 electroluminescence, 7 and methods of large-area synthesis of monolayers. 8 MoS 2 FETs have been reported with carrier mobilities comparable to those in graphene nanoribbons and with current on/off ratios as high as 10 8 at room temperature. 5 In addition, MoS 2 FETs have been used in integrated circuits 9, 10 and have also been suggested as sensors for DNA sequencing. 11 Defects in MoS 2 can be introduced during exfoliation, chemical-vapor deposition (CVD) growth, 12 transfer, and electron irradiation. These defects are expected to deteriorate the device quality of MoS 2 . For example, monosulfur vacancies are known to act as compensation centers in n-type MoS 2 . 12 On the other hand, defects in MoS 2 can also have a beneficial impact on material properties. For instance, defects have been shown to be the dominant dopant in MoS 2 , with natural defect variation allowing n-type and p-type regions to coexist across distinct regions of the same sample. 13 In addition, the metallic character of sulfur vacancies can lower Schottky barrier heights when MoS 2 is placed in contact with certain metals, where at a defect coverage of just 0.3% the junction current is dominated by the lower Shottky barrier of the defects. 13, 14 Given their importance on device properties, it is crucial to fully characterize defects in MoS 2 in order to develop a reliable diagnostic tool for future large-scale deployment of MoS 2 -based electronics.
In this article, we present measurements and simulations of the first-order Raman modes of monolayer MoS 2 with varying amounts of electron-beam-induced sulfur vacancies, as well as corresponding in situ transmission-electron-microscopy (TEM) current−voltage measurements. We find that the frequency separation between the first-order Raman modes, E′ and A′ 1 , increases as sulfur vacancies are introduced. This trend is captured by ab initio density functional theory (DFT) calculations and determined to be largely related to changes in the system's restoring force constant due to S vacancies. We observe preferential sulfur sputtering as a function of electron dose using energy-dispersive X-ray spectroscopy (EDS) in the TEM and quantify these results with selected-area electron diffraction (SAED). We establish by in situ electrical current measurements a concomitant exponential decrease in channel current upon MoS 2 degradation by the electron beam. Our results demonstrate how Raman spectroscopy can be used as a quantitative and nondestructive characterization tool of S vacancies in MoS 2 . Figure 1 shows typical MoS 2 devices and the corresponding experimental setup. Single-crystal, monolayer MoS 2 flakes were grown 8, 15 by CVD and transferred to Si 3 N 4 /Si chips 16 for in situ TEM measurements. A schematic diagram of the MoS 2 device exposed to the electron beam in the TEM is illustrated in Figure 1a . The sample orientation in the TEM is such that the electron beam hits the Si 3 N 4 membrane first and exits through the MoS 2 . The in situ TEM holder consists of six electrical feedthroughs allowing three pairs of Au electrodes to be wired up to the sample holder (inset of Figure 1a ). Figures 1b,c present scanning electron micrographs and an optical image of the chip surface. They show the Si 3 N 4 membrane at the center, suspended on the Si chip and covered by MoS 2 triangular monolayers, which are contacted by the Au electrodes. The crystalline lattice of the MoS 2 used in this work is revealed by performing aberration-corrected scanning TEM (AC-STEM) imaging on MoS 2 flakes deposited on holey-carbon grids (Figure 1d ).
RESULTS AND DISCUSSION
Bulk MoS 2 is characterized by two prominent Raman-active modes, E 2g 1 and A 1g . The notation for these modes becomes E′ and A′ 1 in monolayer MoS 2 due to a change in crystal symmetry. 17−19 To study the effects of electron-beam irradiation on the E′ and A′ 1 Raman modes of monolayer MoS 2 , we transferred CVD-grown MoS 2 flakes onto 100 nm thick Si 3 N 4 windows (Figure 2a) , allowing for in situ irradiation at doses ranging from 1 × 10 4 to 1 × 10 8 electrons nm
. After insertion into the TEM, the entire area of each sample was subjected to a small electron dose, estimated at less than 1 × 10 3 electrons nm
. Samples were irradiated by spreading the circular beam to diameters of 2−12 μm. Raman maps were taken in ambient conditions immediately following TEM exposure. A 532 nm excitation wavelength was used. The laser power was set to 2 mW for recording large-area maps on some samples and was kept below 0.3 mW for long exposures on other samples. These laser powers were not found to affect the Raman peaks, as detailed in SI Section 1.
Representative Raman spectra of MoS 2 in the low-, medium-, and high-dose regimes are reproduced in Figure 2b . The spectra clearly highlight the Raman mode shifts upon irradiation. Further, Figures2c(i−vi) show the evolution of the peak shift, amplitude and full-width at half-maximum (fwhm) for the E′ and A′ 1 modes. The separation between the E′ and A′ 1 modes is provided along with the amplitude and fwhm ratios in Figures 2c(vii−ix) . A number of clear effects of electron irradiation can be seen in Figure 2c . The A′ 1 peak is initially slightly blue-shifted and then red-shifted back to almost its original position (Figure 2c(iv) ). The E′ peak is notably redshifted with increasing dose (Figure 2c(i) ). This observation establishes that electron irradiation causes a notable increase in the separation between the E′ and A′ 1 modes for high-dose regions (Figure 2c(vii) ). Raman maps of additional flakes are presented in SI Section 2.
In a previous report, suspended, monolayer MoS 2 was irradiated in an aberration-corrected TEM, allowing single S vacancy defects to be counted visually. In that study, the TEM irradiation of MoS 2 was shown to produce mainly monosulfur vacancies. 20 Here, we use this result and assume that the majority of defects produced in our experiments are monosulfur vacancies (rather than Mo vacancies or large holes). This assumption is supported by EDS and SAED measurements, as discussed below. One major difficulty related to the use of electron irradiation to induce defects is to quantitatively relate the electron dose with the actual defect concentration (V s ) present on the sample. To address this issue, we performed EDS to monitor the elemental composition within the illuminated region as a function of electron dose. Results obtained with 200 keV electrons are shown in Figure 3 . The EDS measurements were performed on a monolayer region with the beam spread over a 1.6 μm diameter. The EDS measurements (Figures 3b,c) indicate that the S:Mo atomic ratio starts at a value close to the stoichiometric 2:1 as expected for a low-defect sample and then drops, thereby showing that the material starts with a low defect density and that S atoms are preferentially sputtered. We further discuss the initial nonzero S defect density below. The net intensity of the Mo signal remains constant during the 60 minute irradiation, supporting the fact that the main effect of irradiation is to create S vacancies and that Mo atoms are much more difficult to sputter.
In addition, we performed SAED measurements to further support our EDS results. The SAED measurements were performed on a monolayer region with the beam spread over a 3.2 μm diameter area and a selected-area aperture of 1 μm centered on the middle of the beam. Figures 3e,f ). This fit provides an estimate of S sputtering cross-section at 75 ± 10 barn for the [1̅ 100] family and 120 ± 10 barn for the [2̅ 110] family. These measured sputtering cross-sections are consistent with a previous study that measured the S sputtering crosssection as 1.8 barn with an 80 keV accelerating voltage and calculated it to be ∼140 barn at 200 keV for free-standing monolayer MoS 2 . 20 As the previous cross-section measurement was taken on a small (<100 nm 2 ), pristine, and suspended area of MoS 2 , we expect our lower values for the S sputtering crosssection are due to contamination left on the surface from the PMMA transfer. For the remainder of this paper, we will use the SAED measured cross-section of 75 ± 10 barn for all quantitative analyses. Note that using our measured sputtering cross-section gives the lower bound on total defect formation, as other types of defects, e.g., line defects 21 and defects created by beam-induced chemical etching, 22 are likely to become nonnegligible at high doses. It follows that estimates of defect density using S vacancy as the only source of defects can be considered as a lower bound for the defect density. In addition, we verified that after irradiating at doses of 2 × 10 7 electrons nm −2 followed by removing the sample from the TEM and exposing it to the atmosphere for 10 min, the lattice was left intact and no small or large holes were observed. Therefore, at irradiation doses probed by Raman in this work, the defects were dominated by monosulfur vacancies and possibly line defects.
In a previous work, the initial sulfur vacancy concentration in CVD-grown MoS 2 was measured with AC-STEM. 23 In CVD samples from multiple laboratories, postgrowth defects were mainly monosulfur vacancies at a concentration of (mean, standard deviation) = (0.134 nm ). This corresponds to an initial V s = 0.5%. Our flakes grown by CVD are consistent with this. The EDS measurements ( Figure 3c ) show an initial stoichiometry of S/Mo = 2.01 ± 0.07. Therefore, it seems reasonable to use an initial defect density V S = 0.5% in our quantitative analysis shown below.
Figures 4a,b show the shift of the E′ and A′ 1 modes and the increase in separation between the two modes as a function of sulfur vacancy concentration, respectively. The S vacancy concentration was calculated using the measured 75 barn (vii−ix) Spatial maps of the E′ and A′ 1 peak separation, ratio of peak amplitudes, and ratio of peak fwhm's. All scale bars are 10 μm. Pixels outside the MoS 2 flake were not plotted. The white circle in the middle of the flake is where material was mistakenly removed by the Raman laser and should be ignored. Outlines of the irradiated areas are shown in (v). Each diverging color map was shifted so the brightest portion would match the corresponding value of the pristine MoS 2 region, so that the pristine region is the same color in each figure. sputtering cross-section, the electron dose, and the methods outlined in SI Section 3. For doses greater than 1.0 × 10 7 electrons nm −2 , corresponding to a sulfur vacancy concentration of 4%, the E′ and A′ 1 peaks are no longer visible on top of the SiN x background with the laser conditions used for Raman mapping. This result of increasing peak separation vs defect concentration compares well with studies of Raman modes of ion-irradiated 24 and reactive-ion-etched 25 MoS 2 , where similar shifts in each mode were observed as a function of damage. In these previous reports, the defects created by the ion beam or plasma etching were likely much larger than singlepoint defects. In contrast, our work shows shifts in the Raman modes due to monosulfur point defects and line defects.
In addition to sputtering, it is well known that TEM irradiation causes amorphous carbon deposition 26, 27 and sample charging. 28 In MoS 2 , the separation between the E′ and A′ 1 modes increases from monolayer to bulk. 18, 19 In fact, an increase in peak separation can be seen in multilayer regions in the upper-right-hand portion of Figure 2c (vii) and in the middle of Figure SI 2.1c(vii). To rule out thickness-dependent effects in monolayer regions, including effects related to beam deposition of amorphous carbon that might act in a way similar to the increase in separation from monolayer to bulk, we recorded Raman spectra before and after depositing 5 nm of amorphous carbon outside of the TEM using normal sputtering techniques. Figure SI 5 .1 shows that the positions of the Raman modes are unaffected by this amorphous carbon deposition. Finally, because it is established that doping softens the A′ 1 mode, 29 our measurements that irradiation mostly affects the E′ mode allow us to dismiss charging effects.
We have carried out first-principles DFT calculations to establish the microscopic origin of the experimentally observed Raman peak shifts as a function of the electron irradiation dose. Monolayer, pristine MoS 2 belongs to space group P6m2 (No. 187), and its two characteristic Raman active modes are E′ (∼384 cm ), as discussed previously. 17−19 Creating monosulfur vacancies reduces the symmetry of the system, and the symmetry assignments of Raman modes change as well. For simplicity and consistency, the notations E′ and A′ 1 are used for all defective systems. Simply speaking, removing an atom from a system weakens the restoring force constant of a phonon mode, but the total mass of the system is reduced as well. As the frequency (ω) is positively correlated to the restoring force constant (K) yet inversely correlated to the total mass (m) (i.e., for a simple harmonic oscillator we would have ω = K m ), the phonon mode frequency can be either increased or decreased depending on which factor is reduced more. To understand how V S affects the E′ and A′ 1 modes in monolayer MoS 2 in an extreme case, we first chose the MoS 2 primitive unit cell and calculated phonon frequencies for the pristine system (V S = 0%) and the one with single S atom removed (i.e., top layer or V S = 50%), as shown in Figure SI 6.1. For the pristine system, the E′ mode corresponds to opposite in-plane vibrations of Mo and S atoms (i.e., in-plane vibrations of two Mo−S bonds). In the case of V s = 50%, the removal of the top S atom leads to vibration of only one Mo−S bond and thus a significantly weaker restoring force constant and lower E′ phonon frequency (Figure SI 6.1). Our calculations show that the frequency of the E′ mode is decreased by 100.6 cm −1 from V s = 0% to V s = 50%. ).
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In contrast, the A′ 1 mode corresponds to out-of-plane vibrations of the Mo−S bonds with static center Mo atoms for the pristine system. Thus, the removal of the top S atom leads to a missing Mo−S bond (weakening the restoring force constant compared to the pristine system), while allowing the originally static Mo atom to vibrate out of plane (which strengthens the restoring force constant from the Mo−S bond vibration), as shown in Figure SI 6.1. This simple picture shows that the overall restoring force constant could be increased or decreased. In fact, our calculations show that the frequency of the A′ 1 mode is increased by 42.3 cm −1 from V S = 0% to V S = 50%. Such a frequency increase could also be due to the reduced mass. To find out if the mass is the deciding factor in this case, we derived the force constant based on the simple model K = mω 2 . For 0% V S , m = m Mo + 2m S ; for 50% V S , m = m Mo + m S , where m Mo = 3m S . From V S = 0% to V S = 50%, the total mass is reduced by 20%. From the total mass and computed frequencies, it is found that from V S = 0% to V S = 50%, the restoring force constant of the E′ mode is reduced by ∼55.8%, while the restoring force constant of the A′ 1 mode is reduced only by ∼2.7%. Clearly, the restoring force constant of the E′ mode is indeed dramatically weakened (much larger than the mass reduction, hence the significant frequency decrease). Conversely, the restoring force of the A′ 1 mode is only mildly reduced due to its unique vibration pattern, and it follows that its frequency decrease is mainly due to the mass reduction (more details are provided in Figure SI 6.1) . Note that V S = 50% means the removal of the whole top S layer, an unlikely case in reality, but such an extreme case illustrates the mechanisms of how E′ and A′ 1 Raman modes evolve with the V S concentration in general.
To model different experimentally accessible V S concentrations in monolayer MoS 2 , supercells of different sizes were selected with a single S atom removed in each supercell. We have considered single defects in a 6 × 6 supercell (V S = 1.4%), a 4 × 4 supercell (V S = 3.1%), and a 3 × 3 supercell (V S = 5.6%), as shown in Figure SI 6.1. Note that the vacancy concentration is computed as the number of S vacancy sites divided by the total number of S atoms in the supercell of the pristine system. For example, in the 6 × 6 supercell, the top S layer has 35 sulfur atoms and one vacancy, resulting in V S = 1/ 72 = 1.4%. As discussed above, the restoring force constant of the E′ mode is expected to be weakened due to missing Mo−S bonds. Indeed, the calculated frequency of the E′ mode is reduced slightly by 1.55 cm −1 (black square in Figure 4a ). With increasing V S concentration, there are fewer Mo−S bonds involved in the in-plane vibrations, and thus the restoring force constant of the E′ mode is continuously weakened (more than the mass reduction). Hence, the calculated frequency of the E′ mode is continuously red-shifted with increasing V S , consistent with the experimentally observed trend (blue circles in Figure  4a ). The mechanism is different for the A′ 1 mode, since it has a significantly different vibration pattern compared to E′, so that its restoring force constant is only slightly reduced. On the other hand, the total mass of the system is also mildly reduced with increasing V S . These two competing factors both affect the position of the A′ 1 mode, giving the A′ 1 frequency a more complex dependence on V S concentration. Our calculations show that with increasing vacancy concentration, the frequency of the A′ 1 mode first upshifts slightly and then downshifts (gray squares in Figure 4a ), suggesting the competition of multiple factors. We note that the formation of line defects could also play a role, as discussed below. The predicted trend is in agreement with the experimental observation (sky blue circles in Figure 4a ). This could also explain why the magnitude of the frequency shift of the A′ 1 mode is not as large as that of the E′ mode. Hence, the E′ mode potentially provides a better handle on the determination of defect density. However, the separation between the E′ and A′ 1 peaks is also a good indicator of the presence of defects. This is confirmed by the plot shown in Figure 4b , which indicates that the peak separation increases with the V S concentration in both experiment and theory. Our experimental and theoretical Raman results clearly show that the electron beam removes sulfur from the lattice, leading to noticeable Raman peak shifts. Consequently, Raman can be used as an inexpensive and quick probe of local defect concentrations.
Thus, far, we have discussed the simple case of S vacancy. However, a number of mechanisms can occur during experimental measurements that could potentially modify the Raman spectra. For instance, oxygen atoms could fill the S vacancy sites during Raman measurements. 30 For this reason, we have also modeled how O substitutional impurities would affect the Raman peaks, using a 4 × 4 supercell with the S vacancy site substituted with an O atom (more details are provided in SI Section 9). Our calculations indicate the O substitution partially restores the bonding, so the E′ peak is not downshifted as much (by ∼30%), but it is still notably downshifted. Thus, the O substitution cannot fully restore the Raman peak positions of the pristine system and would still be detected as a vacancy from the Raman peak shifts.
Finally, it has been shown that line of S vacancies can be expected, especially for high irradiation dose. 21 We performed additional DFT calculations to examine the effect of aggregated defect patterns on Raman peaks, starting from the 4 × 4 MoS 2 supercell with different defect patterns: (1) two separated S vacancies, (2) two neighboring point S vacancies, and (3) four S vacancies forming a line defect, as shown in Table SI 9.1. Comparing the two separated defects and the two neighboring defects patterns, we find only a small difference in the frequency shift of the E′ peak, indicating that the defect configuration has little effect on the E′ peak shift. Moving to four S vacancies forming a line defect, since the vacancy concentration is doubled, the E′ peak downshift is significantly increased (in fact, it is roughly doubled), consistent with the predicted trend of the E′ peak shift versus isolated S vacancy concentration plotted in Figure 4 . This again suggests that the effect of line defects on the E′ peak shift is similar to the effect of isolated point defects. Therefore, we expect that the shift in the E′ peak is a good indicator of the defect density, regardless of the detailed defect structure. In contrast, the S vacancy pattern could have a notable effect on the A′ 1 peak. We find that this peak is no longer upshifted when two S vacancies are formed together; instead it is downshifted. For the line defect studied, it is also downshifted. This lends support to the possibility that the experimentally observed initial larger upshift of the A′ 1 peak followed by a less pronounced upshift in Figure  4 is partly due to the formation of line defects. As noted above, with increasing irradiation and S vacancy concentration, line defects tend to form, possibly contributing to the decrease of the upshift of the A′ 1 peak. Nevertheless, the A′ 1 peak is always upshifted experimentally, suggesting that line defects are not dominant. Due to the smaller and more complicated shifts of the A′ 1 peak, we expect that the E′ peak shift could be a more reliable indicator of the defect density. In particular, the E′ peak shift is almost insensitive to defect type, providing a universal approach to determine the defect density.
Moving to electronic transport, it was recently demonstrated that the electrical properties of monolayer MoS 2 crystals can be tuned via stoichiometry engineering and tailored for specific applications. 31 While that work modifies the stoichiometry by changing growth conditions, here we focus on the electrical properties of the irradiated sample. Figure 5 shows the roomtemperature, in situ TEM two-terminal measurement (current vs time and dose) of the MoS 2 monolayer on top of Si 3 N 4 as a function of electron dose. Thermally evaporated 5 nm/40 nm Cr/Au contacts were used. We observe a quasi-exponential conductance decrease with dose for a constant beam current density (device in Figure 5 biased at 4 V). To confirm that changes in channel current were caused by modifications to the MoS 2 , and not just by the presence of the beam, we closed the electron beam valve several times to temporarily stop irradiation. While the conductance decrease of the MoS 2 after each irradiation period is irreversible, the conductance remains constant while the electron beam valve is closed, as shown by the plateaus in Figure 5b . This is an important observation since it confirms that the conductance change is due to the presence of defects rather than beam-induced charging of the Si 3 N 4 substrate.
Sulfur vacancies are expected to have a strong influence on the electronic properties of monolayer MoS 2 . To better understand this effect, we employed DFT to calculate the electronic band structures of the 6 × 6 supercell with a monosulfur vacancy and the 4 × 4 supercell with a monosulfur vacancy, as shown in Figure SI 7.1. Pristine MoS 2 has a direct band gap of 1.85 eV at the K point, and the presence of a sulfur vacancy in the supercells induces several defect bands in the band gap (denoted as V S bands and highlighted in red color in Figure S2 ). Specifically, there is a S-vacancy-induced band right above the valence band of pristine MoS 2 , which is the valence band maximum (VBM) of defective MoS 2 ; there are two nearly degenerate bands due to sulfur vacancies below the conduction band of pristine MoS 2 , which are the conduction band minimum (CBM) and CBM+1 of defective MoS 2 . Hence in the defective systems, VBM−1 and CBM+2 correspond to the band edges of pristine MoS 2 . As shown in Figure SI 7 .1, compared to the pristine system's band edges, where the charge densities are delocalized with almost uniform distributions across the layer, the in-gap V S bands (VBM, CBM, and CBM+1 in red) are nearly dispersionless and their charge densities are well localized around V S sites, consistent with a previous report. 32 Therefore, an electron or hole occupying these vacancy-induced localized states will be trapped around V S sites with a low carrier mobility, thereby being unable to contribute significantly to electrical transport. Instead, according to a previous theoretical work, these localized states act as scattering centers and can significantly reduce the average conductivity of the system. 33 This analysis shows that the introduction of sulfur vacancies can explain the observed decrease in two-terminal conductance during electron irradiation. Using a classical picture, the presence of a S vacancy can be seen as the presence of large local electrical resistors in an initially pristine 2D network. We tested this simple model using a resistance network approach (or percolating network) to test how the random inclusion of defects acting as strong scatterers affects overall transport. The results shown in Figure 5c indicate a good qualitative agreement with the measurements, i.e., a quasiexponential decrease in conductance as a function of defect generation. Because the experimental results were obtained in the two-terminal configuration, other effects such as changes to the contact resistance during irradiation may contribute to the decrease in device conductivity in highly irradiated samples. We provide this preliminary observation and analysis of resistance changes upon irradiation as a motivation for further research into the electrical response of sulfur vacancies in MoS 2 .
CONCLUSIONS
In conclusion, we have fabricated two-terminal devices containing micrometer-scale, single-layer MoS 2 flakes connected to gold leads on silicon nitride membranes and measured their Raman modes and electrical resistance as a function of electron irradiation. This allowed us to experimentally and theoretically study the effects of electronbeam-induced sulfur vacancies on the electrical and optical properties of MoS 2 devices. Our EDS, SAED, and DFT results suggest that electron irradiation produces mainly monosulfur defects. We found that creating monosulfur defect vacancies in MoS 2 increases the separation between the E′ and A′ 1 Raman modes in a quantitative and predictive way. Raman can therefore be used as a nondestructive method for estimating the defect concentration in MoS 2 . Defects and vacancies have important ramifications for MoS 2 device physics, particularly for nanoelectronic applications such as transistors and sensors, frequently requiring electron-or ion-beam exposure of the device. As shown in this work, a small defect density has a characteristic and quantifiable impact on electrical and optical properties.
METHODS
MoS 2 Growth. Single-crystal MoS 2 flakes were grown directly on a 300 nm SiO 2 /Si substrate by chemical vapor deposition. A 1% sodium cholate solution is initially spin coated onto the SiO 2 substrate to help promote a growth region. A microdroplet of a saturated solution of ammonium heptamolybdate (AHM) is deposited onto the corner of the substrate. The AHM will act as the molybdenum feedstock. The substrate is placed in the center of a 1 in. Lindberg blue furnace, and 25 mg of solid sulfur (part number 213292, SigmaAldrich) is placed upstream at a distance of 18 cm from the growth substrate. Nitrogen (700 sccm) is passed through the chamber, the temperature of the furnace is ramped up to 800°C, and the sulfur pellet is heated to 150°C
. After a 30 min growth, the furnace is then stopped and rapidly cooled to room temperature.
Device Fabrication. Figure 1 shows the MoS 2 devices and the experimental setup discussed above.
MoS 2 triangles were first grown on SiO 2 /Si substrates by chemicalvapor deposition. 8 MoS 2 was then transferred onto 100 nm thick Si 3 N 4 TEM windows 16 using a standard wet KOH method. 34 Electrical contacts were fabricated by electron-beam lithography followed by thermal evaporation of 5 nm Cr and 40−100 nm Au.
In Situ TEM Measurements. Observations and electron irradiations were carried out in a JEOL 2100 or a JEOL 2010F operated at 200 kV. The phosphor screen was used to measure the beam current density at each magnification when the beam was expanded to the size of the screen. Any inaccuracy in the beam current measurement will affect the measurements of the S sputtering crosssections. However, in the expression for vacancy percentage in SI Section 3, the beam current and sputtering cross-section only appear when multiplied together, so inaccuracies in the beam current measurements and S sputtering cross-sections will not affect the estimation of the S vacancy percentage.
EDS measurements were performed in a JEOL 2010F. MoS 2 flakes were transferred onto amorphous-carbon grids instead of Si 3 N 4 to reduce the background signal. Spectra were captured and analyzed using EDAX TEAM EDS analysis software.
SAED images were taken in a JEOL 2100 TEM operated at 200 kV. A selected area aperture of effective diameter 1 μm was used. Radial and tangential line profiles were taken across each of the spots. Backgrounds were subtracted using adaptive iteratively reweighted penalized least squares 35 (arPLS). The line profiles were fit with Gaussians, and then the spot intensity was determined as the area under the 2D Gaussian defined by the radial and tangential Gaussians. All data was normalized to the diffuse SiN x background intensity.
For in situ TEM electrical measurements samples were mounted in a six-terminal sample holder (Hummingbird Scientific) with electrical feedthroughs, which were connected to a source meter (Keithley Instruments).
AC-TEM of suspended MoS 2 flakes was performed with a JEOL ARM 200CF operated at 80 kV.
Raman Measurements. A portion of a single triangular MoS 2 monolayer suspended on a Si 3 N 4 window was irradiated in a 200 kV TEM. For the Raman measurements, gold contacts were used only as visual aids in the TEM. Raman spectroscopy was performed under ambient conditions with an excitation laser wavelength of 532 nm and spectral resolution of 1 cm −1 resulting from an 1800 lines mm
grating attached to an NT-MDT spectrometer. The 64 × 64 point scans were performed with a total dwell time of 12 s per point. Analysis of the resulting spectra was performed using a code developed in Python, which first subtracts the background using arPLS 35 and then fits the E′ + LO(M) and A′ 1 + ZO(M) peaks with Lorentzians. Note that at high doses it was crucial to fit the defect-activated LO(M) and ZO(M) peaks together with the E′ and A′ 1 peaks, respectively, to improve the goodness of fit, as suggested in a previous report. 24 Theoretical Methods. Plane-wave DFT calculations were performed using the VASP package 36 equipped with the projector augmented-wave (PAW) method for electron−ion interactions. Local density approximation (LDA) has been shown to yield excellent descriptions of electron and phonon properties of 2D transition-metal dichalcogenides. 37−40 Hence, LDA was adopted here for the exchange−correlation interaction with the energy cutoff set at 350 eV. Single-layer MoS 2 systems were modeled by a periodic slab geometry, and a vacuum region of at least 18 Å in the out-of-plane direction was used to avoid spurious interactions with replicas. In the 2D slab calculations, all atoms were relaxed until the residual forces were below 0.001 eV/Å. For a primitive unit cell of pristine MoS 2 , its optimized in-plane lattice constant is 3.13 Å, and 24 × 24 × 1 k-point samplings were used in the Monkhorst−Pack scheme. 41 To model different sulfur vacancy concentrations in monolayer MoS 2 , supercells of different size were chosen with a single S atom removed in each supercell. We have considered a 6 × 6 supercell (V S = 1.4%), a 4 × 4 supercell (V S = 3.1%), a 3 × 3 supercell (V S = 5.6%), and a 1 × 1 supercell (V S = 50%). For each supercell, its atoms were reoptimized with fine k-point samplings until the residual forces were also below 0.001 eV/Å. To obtain phonon frequencies and eigenvectors for each relaxed system, the dynamic matrix was then calculated using the finite difference scheme, implemented in the Phonopy software. 42, 43 Hellmann−Feynman forces in the supercell were computed by VASP for both positive and negative atomic displacements (δ = 0.03 Å) and then used in Phonopy to construct the dynamic matrix, whose diagonalization provides phonon frequencies and eigenvectors. From phonon eigenvectors, vibrations of each phonon mode can be visualized, which allows us to determine the E′ and A′ 1 vibrational modes in each defective system and compare with the pristine system.
The resistance network was modeled as a finite, square grid of 100 by 100 nodes representing domains in the material, with wires of (initially) uniform resistance linking each node to its immediate neighbors. The measurement apparatus is modeled by a single voltage source connected to the topmost row of nodes at one end and the bottommost row of nodes at the other end. Kirchoff's laws allow the currents in this system to be described by a linear system of equations. Through current mesh analysis, the problem of obtaining a linearly independent set of Kirchoff's law equations is reduced to the wellstudied graph-theoretic problem of computing a cycle basis. A minimal or near-minimal set of cycles that produces a complete description of the system is computed prior to the simulation, resulting in a sparse linear system, which is solved through LU factorization using SuperLU. 44 At each iteration, a random node from the grid is selected for introduction of a defect, represented by an increase in the resistance of all connected wires connected to it. Selections are made without replacement and with uniform probability for all nodes not yet selected. The current passing through the voltage source is recorded each step, and this continues until all nodes have been selected. This procedure is performed for 20 trials, after which the currents are averaged across trials at each step, to smooth out the step discontinuities in current that arise when defects are introduced at nodes with relatively high current.
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